Sodium intake has been linked to left ventricular hypertrophy independently of blood pressure, but the underlying mechanisms remain unclear. Primary hyperaldosteronism (PHA), a condition characterized by tissue sodium overload due to aldosterone excess, causes accelerated left ventricular hypertrophy compared to blood pressure matched patients with essential hypertension. We therefore hypothesized that the myocardium constitutes a novel site capable of sodium storage explaining the missing link between sodium and left ventricular hypertrophy. 
Introduction
In patients with essential hypertension, sodium intake has been studied extensively in the past 1, 2 and associated with left ventricular hypertrophy (LVH)-a risk factor for adverse cardiovascular events-independent of blood pressure. [3] [4] [5] [6] In patients with primary hyperaldosteronism (PHA), which is the most common cause of secondary hypertension and characterized by sodium retention by the kidneys due to aldosterone excess, 7, 8 pronounced LVH was found compared to patients with essential hypertension despite similar blood pressure levels. 9 Following treatment of PHA, sodium intake was identified as an independent predictor of reverse remodelling in these patients. 10 Tissue sodium accumulation was believed to inevitably be accompanied by retention of free water due to its osmotic activity. However, studies in an animal model of PHA demonstrated that accumulation of sodium in the skin and skeletal muscle occurs in excess of water establishing the concept of water-independent sodium storage. 11, 12 These experimental findings were confirmed in PHA patients employing sodium magnetic resonance imaging ( 23 Na-MRI), which allows non-invasive quantification of tissue sodium content in humans. 13 We hypothesized that sodium accumulates in the myocardium of PHA patients, rendering it an additional site of sodium storage. To test this hypothesis, we established an investigational 23 Na-MRI sequence and set up an exploratory proof-of-principle study to compare sodium content in the heart, calf muscle, and skin of PHA patients and healthy controls (HC).
Methods Subjects and study design
The diagnosis of PHA was based on an aldosterone-renin ratio of > _25 and a positive saline infusion test after excluding other causes of secondary hypertension. To determine the aldosterone-renin ratio, subjects had to discontinue eplerenone, spironolactone, drospirenone, beta-blockers, aliskiren, angiotensin receptor blockers, and alpha2-antagonists 4 weeks prior testing. Stopping angiotensin-converting enzyme-inhibitors and diuretics was desired but not obligatory. For the saline infusion test, patients received 2000 mL isotonic saline over 4 h. Serum cortisol and plasma aldosterone levels were determined at baseline and after 4 h. Cortisol levels served as an internal validation. Diagnosis of PHA was made if aldosterone levels exceeded a cut-off value of 50 ng/L after 4 h and cortisol levels remained unaltered or declined after 4 h compared to baseline. Cortisol levels were determined by an automated immunoassay (Immulite 2000, Siemens Healthcare Diagnostics GmbH, Germany). Plasma aldosterone and renin levels were determined by automated chemiluminescence immunoassays (ID-iSYS immunodiagnostic systems, Frankfurt am Main, Germany).
HC subjects had to be normotensive (mean 24 h ABPM systolic blood pressure of < _135 mmHg) and naïve for antihypertensive medication.
All subjects underwent clinical assessment, office blood pressure measurement (Boso medicus uno; Bosch und Sohn, Jungingen, Germany) and 24 h ambulatory blood pressure monitoring (ABPM; Mobil-O-Graph NG ambulatory blood pressure monitor; I.E.M. GmbH, Stolberg, Germany). Patients underwent cardiac 1 H-MRI prior to 23 Na-MRI of the heart and the calf.
The study was approved by the local Ethics Committee, and written informed consent was obtained from all subjects prior to inclusion. Six PHA patients underwent follow-up examination after at least 4 months of treatment.
Magnetic resonance imaging
MRI studies were performed using a 3 T whole body MRI scanner (Magnetom PRISMA, Siemens, Erlangen, Germany). All subjects underwent cardiac 1 H-MR in supine position with an 18-channel coil (Siemens Erlangen, Germany). Left ventricular function was measured with ARGUS volumetry software (Siemens, Erlangen, Germany). To assess extracellular volume (ECV) in the septum, quantitative T1-maps prior to and 10 min after contrast agent injection were acquired using a standard MOLLI technique in 7 HC and 4 PHA patients. 14 Na transmit coil (single loop 280 Â 175 mm) and a combination of a loop (170 Â 135 mm) and an 8-shaped coil (180 Â 180 mm) for signal reception was used for optimizing signal-to-noise ratio (SNR), as proposed by Haase et al. 16 The receive coil sensitivities were determined in a test object and thereafter used to correct for all in vivo measurements. The patients were examined in prone position to minimize breathing motion. 17 The acquisition block was positioned double oblique according to the short-axis view. For quantification of septal sodium signal intensities, the region of interest (ROI) was defined to the interventricular septum. The ROI was placed in the centre of the septum to avoid signal contamination from both blood pools. Sodium signal intensities of skeletal muscle and skin were measured in the calf in supine position with the same sequence and coil as for 23 Na imaging of the heart. To assess sodium signal intensity in the calf, two ROIs were placed in the calf muscle and the average of the two ROIs is presented in this study. For sodium signal intensities in the skin, the following parameters had to be adjusted: FOV 500 Â 500 Â 300 mm H surface coil and served as external standards for all scans to calibrate for relative tissue sodium. Relative sodium signal intensity (rSSI) as the primary marker of interest was calculated as ratio of tissue sodium intensity to sodium intensity of the 100 mmol/L reference vial. The 100 mmol/L vial was chosen to avoid bias during calibration, as it provided the best SNR. Since 100 mmol/L is a concentration above physiologically expected values, we also investigated the association of measured signal intensity and the sodium concentration gradient throughout the vials. In data from 10 randomly picked examinations, the relationship between the different sodium concentrations in each reference vial and the therefrom obtained signal intensities was investigated by calculating R
.
First results were obtained from animal tissue samples that could be expected to provide different sodium content (bovine kidney, bovine heart, pig kidney, pig neck muscle). These values were compared to results from flame atomic absorption spectrometry (FAAS). Please refer to the Supplementary material online for further details. Since the SNR of 23 Na-MRI is rather low, we performed a repeatability analysis of our technique: we examined five healthy volunteers on two different days (time interval between the scans: 2-5 days) and calculated the repeatability coefficient according to Bland and Altman for each investigated compartment. 18 Evaluation of imaging data 
Data analysis
Results are expressed as median (quartiles). Non-parametric tests (Fisher's exact test, Mann-Whitney U test) were used to compare the two groups. P-values of <0.05 were considered statistically significant. To investigate possibly confounding effects on the myocardial rSSI, correlation (Spearman's rho) and linear regression analyses were performed. To compare the repeat measurements of the PHA patients undergoing follow-up examination, Wilcoxon signed rank test was applied.
The post hoc power analysis based on the difference in rSSI found in this study of 0.300 ± 0.041 (PHA patients) vs. 0.235 ± 0.04 (HC) yielded an effect size of 1.60. The given group sizes of 8 and 12 and an alpha of 0.05 yield a power of 0.95.
All statistical analyses were carried out with SPSS 23 (IBM Corp. Armonk, NY, USA).
Results

Validation of 23 Na measurement by MRI
To determine the relationship between sodium concentrations in calibration vials and the respective 23 Na-MRI signal, 10 measurements were performed yielding a mean R 2 of 0.94 (for details see Methods section and Supplementary material online, Section S1). To evaluate the precision of the measurements in tissue, we plotted 23 Na-MRIderived rSSI from animal tissues against sodium concentrations obtained by FAAS after ashing. Both techniques showed excellent correlation across sodium concentrations ranging from 30 to 90 mmol/L (R 2 = 0.986, P = 0.006; Supplementary material online, Section S2 and Figure S1 ). Obtained repeatability coefficients were 0.043 for septum, 0.046 for calf muscle, and 0.018 for skin (for details see Supplementary material online, Section S3).
Measurement of tissue sodium content in PHA patients and healthy controls
Comparing characteristics of PHA patients and HC, there were no significant differences with regard to age or sex, but PHA subjects had a significantly higher body mass index (BMI) ( Table 1) . Mean 24 h ABPM systolic and diastolic blood pressures were significantly higher in PHA patients. Further, plasma aldosterone levels were higher in PHA patients, whereas serum potassium was markedly lower, despite potassium supplementation in some patients. Examples of rSSI of cardiac tissue in a HC subject and PHA patient are shown in Figure 1 . PHA patients exhibited significantly higher rSSI in the myocardium compared to HC [0.31 (0.26; 0.34) vs. 0.24 (0.20; 0.27); P = 0.007; Figure 2] . No significant association between the septal rSSI and septal ECV determined from pre-and post-contrast T1-maps was detected ( Figure 3A , for pre-and post-contrast T1 data see Supplementary material online, Section S4 and Figure S3) . Furthermore, multiplication of serum sodium concentrations with ECV showed no correlation with the rSSI suggesting that the sodium signal was unrelated to individual ECV and serum sodium levels ( Figure 3B ).
Correlation analyses (Spearman's rho) reveal no association of rSSI with age, sex, or BMI, neither in the whole sample nor within subgroups. In addition, linear regression analyses showed unaffected or only mildly attenuated regression coefficients with univariable or multivariable adjustments for BMI, age, and sex. All P-values indicating a group difference between HC and PHA patients were 0.023 or less.
In addition to the myocardium, tissue sodium intensities were also determined in the calf muscle and skin. PHA patients compared to HC exhibited a significantly higher rSSI in the calf muscle In conclusion, rSSI of PHA patients at baseline was 127% for cardiac, 138% for calf muscle, and 139% for skin, compared to HC.
Measurement of tissue sodium content in PHA patients after treatment
After employing treatment for PHA (unilateral adrenalectomy: n = 1, medical treatment with mineralocorticoid receptor antagonists: n = 5), patients underwent follow-up examinations after a mean of Table 2 for detailed patient characteristics). All three investigated sodium compartments demonstrated significantly reduced rSSI (Table 2 and Figure 2 Compared to HC (n = 12), rSSI of PHA patients at follow-up (n = 6) was 111% for cardiac, 102% for calf muscle, and 98% for skin. A detailed listing of the six PHA patients' blood pressure measurements, aldosterone levels, and cardiac rSSIs is available in the Supplementary material online (Supplementary material online, Section S5 and Table S1 ).
Discussion
The main finding of this proof-of-principle study is that myocardial sodium signal intensity is increased in PHA patients compared to HC suggesting that the myocardium constitutes a site of sodium storage. Studies by Titze's group established the concept of waterindependent tissue sodium storage. Employing 23 Na-MRI these studies analysed tissue sodium content in two human organs (skeletal muscle and skin) and showed that (i) both sites act as sodium reservoirs and (ii) their sodium content varies depending on gender, age, and electrolyte dysbalance. 13, 19, 20 We and others used 23 Na-MRI in the past to visualize myocardial scars following myocardial infarction. [21] [22] [23] Rochitte et al. 24 used 23 Na-MRI to demonstrate that sodium accumulation in reperfusion areas after myocardial infarction is influenced by microvascular obstruction, but myocardial sodium content has not yet been quantified in patients with the focus on disease-related differences. We here demonstrate that the sodium signal in the interventricular septum of PHA patients is increased by almost 30% compared to HC. This result needs to be interpreted with caution. According to Bottomley, 25 total cardiac sodium content is a composite of the intracellular (ICV) and extracellular (ECV) compartment:
Cardiac sodium content = ICV Â c sodium intracellular þ ECV Â c sodium extracellular The 23 Na-MRI sequence used in our study does not allow differentiating between the intra-and extracellular compartment and thus, a relative expansion of the sodium-rich ECV would already result in an increased sodium signal reflecting total tissue sodium. A recent study by Kuruvilla et al. suggested that ECV may expand in hypertensive patients with LVH but not in those without. 26 Despite the technical challenges inherent to a precise determination of ECV, we believe that a relevant expansion of the ECV is unlikely to explain the observed increase in sodium signal in PHA patients in our study, given that only three of the eight PHA patients had manifest LVH, and that no obvious associations between ECV and the rSSI were observed taking into account individual serum sodium levels. Sodium is a nucleus with multi-exponential T 2 relaxation in biological tissues with a fast (T 2f ; typical range: 0.5-4 ms) and slow component (T 2s ; typical range: 12-32 ms) of its spin-spin relaxation time, depending on its binding state. 25 With an TE of 2.01 ms, our technique may only capture parts of the T 2f signal, thus not accurately measuring total tissue sodium content. For this reason, we deliberately did not present the tissue sodium content as an absolute sodium concentration but rather as rSSI. It is conceivable that merely a change in the binding state of myocardial sodium may cause a change in the sodium signal without a change in total sodium content.
However, given the tight association of sodium signal intensities determined by 23 Na-MRI with the actual total tissue content in the FAAS experiments, we believe that the rSSI in this study is a good reflection of total sodium content.
Besides the myocardium, we assessed tissue sodium content in calf muscle and skin. In parallel to the myocardium, we detected a 38% higher sodium content in the calf muscle of PHA patients compared to HC which is in good agreement with a previous report by Kopp et al. 13 However, in contrast to this report we also detected an almost 39% higher skin sodium content in PHA patients compared to HC. This divergent finding is likely explained by the higher spatial resolution of the sodium MRI sequence used for skin measurements in our study. We used an inplane resolution of 1.3 mm (compared to 3 mm by Kopp et al.) , and thereby markedly minimized partial volume effects of the adjacent subcutaneous fat, which is low in sodium.
Clinical implications
Our findings shed new light on tissue sodium storage in the healthy and the diseased. With regard to the skin and skeletal muscle, both organs appear to serve as sodium reservoirs and thereby contribute to sodium homeostasis in the body in addition to the kidney. 27 Impaired sodium storage of these sites is considered pathophysiologically relevant mechanisms in the development of salt-sensitive hypertension. 20, 28 The consequences of myocardial sodium accumulation remain less clear. Observational data in patients with essential hypertension and PHA patients suggested a role for sodium in the pathophysiology of LVH. 4, 9, 10 Findings in patients with chronic kidney disease revealed a strong correlation of skin sodium content and LVM. 29 It is likely that skin sodium content in these patients simply reflected tissue sodium content including the myocardium. Our findings in PHA patients now provide evidence that tissue sodium signal (i) is increased prior to treatment and (ii) decreases close to normal values under treatment in the skin, calf muscle and, importantly, the heart, where sodium deposition relates to LVM. 4, 9, 10 An exchange of intracellular sodium against potassium was identified as the main mechanism of sodium storage in the skeletal muscle, 30 which is likely to be paralleled in the myocardium. Evidence from experimental studies support this notion suggesting that intracellular sodium in LVH is increased 31, 32 and myocardial growth induced via the salt-inducible kinase 1. 33 Further evidence for the importance of intracellular myocardial sodium in LVH comes from a recent animal model of hypertrophic cardiomyopathy. Blockade of the late sodium influx by the drug ranolazine was highly efficacious in preventing the development of LVH in these animals by reducing the intracellular sodium content. 34 Besides intracellular sodium accumulation, a second mechanism of water-independent sodium storage has been described where sodium accumulates independently of water by binding to negatively charged proteoglycans in the extracellular matrix. [35] [36] [37] Two members of these proteoglycans, namely syndecan-4 38, 39 and small leucine-rich proteoglycans, 40 have been identified to play a critical role in the pathophysiology of myocardial hypertrophy and thus, extracellular sodium accumulation may be another molecular mechanism linking increased myocardial sodium content with cardiac hypertrophy and fibrosis.
